The early phase after hepatitis B virus infection could play a crucial role in clearance and/or persistence of the virus, particularly in neonates. This work compared the early phase of duck hepatitis B virus infection in 1-day-old (D1) and 28-day-old (D28) ducks to determine whether differences in viral or host innate immune response can be related to the difference in outcome. In the first phase, almost immediately after inoculation, virus was taken up by components of the reticulo-endothelial systems, particularly liver-specific macrophages, Kupffer cells. Very early after infection, the induction of alpha interferon by infected hepatocytes occurred and was rapidly reinforced by recruitment of effector lymphocytes, which directly or indirectly caused apoptosis, eliminating infected hepatocytes, as was seen in mature birds. In addition, a lack of lymphocytic infiltration of the liver was found in D1 ducks, which supports the suggestion that the innate immune network is less effective in D1 ducks. Taken together, these results suggest that failure of the co-ordinated innate immune response rather than a defect in induced antiviral cell-mediated immunity may be the key factor which makes baby ducks vulnerable to persistence of hepadnavirus infection.
INTRODUCTION
Day-old ducklings are exquisitely susceptible to infection with duck hepatitis B virus (DHBV) and, once infected, remain persistently viraemic for life. As they mature, there is progressive loss of susceptibility to infection, so that by 4 weeks of age, the dose of virus needed to initiate infection is 1000 times greater than for newborns (Vickery & Cossart, 1996) . Some of these older ducks are able to clear virus and a dose can be chosen experimentally which will establish persistent infection in half of the birds injected, while the other half remain clear (Vickery & Cossart, 1996) . This pattern of neonatal susceptibility and persistence is also a feature of human hepatitis B virus (HBV) infection, and is a key factor in the epidemiology of the disease. Despite intensive research into neonatal persistence and adult clearance of HBV, the mechanisms remain unknown. Because immune-deficient adults are also unable to clear virus, immunological immaturity has been proposed as a probable factor leading to persistence in infants. Direct evidence of the precise effector mechanism(s) has been difficult to obtain, but it is noteworthy that vaccinated neonates produce protective antibody to the hepatitis B surface antigen (anti-HBs) almost as well as older children and adults (Keating & Noble, 2003) . Chronic viraemia and reactivation of 'latent' HBV infection are characteristically observed in adults with T-cell deficiency, implying a crucial role of cell-mediated immunity in recovery. This has been supported by experiments in T-cell depleted chimpanzees, which suggests that clearance is related to the CD8 T-cell response (Thimme et al., 2003) . More recently, the role of innate immunity has received more emphasis but, despite the widespread use of recombinant alpha interferon (IFN-a) for treatment of chronic hepatitis, its role in natural clearance is difficult to investigate. Transgenic mouse experiments imply that downregulation of HBV replication is achieved by IFN (Chisari, 1995) . The recent publication of sequence data for duck IFNs has permitted the development of PCR-based assays to investigate the innate immune response (MacDonald et al., 2008; Narayan et al., 2006) rather than reliance upon ELISAs, which require purification of the protein being investigated.
In the first case, several mechanisms can be envisaged. For instance, the day-old liver cells may take up virus better than adult liver cells, perhaps because of different receptor display or because older ducks have developed a barrier between the bloodstream and liver parenchymal cells. It is also plausible that day-old liver cells replicate DHBV better than older cells perhaps because they are dividing more rapidly (Qiao et al., 1992; Uchida et al., 1988) .
Factors which might be involved in the alternative outcome might include a more rapid innate immune response (including IFN-a) to DHBV infection, downregulating replication in older ducks, or more rapid clearance of virus from the body by older ducks. Better specific cell-mediated immune response (by IFN-c) has been associated with clearance in older ducks (Narayan et al., 2006) and the death of infected liver cells in older chimpanzees has been attributed to IFN-c and tumour necrosis factor-alpha (Murray et al., 2005) , while quicker antibody production in infected older ducks would protect newly divided hepatocytes from infection (Zhang & Summers, 2004) .
As a first step in assessing these different hypotheses, D1 and D28 ducks were compared for their ability to remove inoculated DHBV particles from the circulatory system during the first 5 days after intravenous (IV) injection, and the fate of DHBV in the body during this period. The presence of DHBV DNA [total and covalently closed circular (ccc)] in serum, liver and several extra-hepatic tissues and the level of IFN-a expression in the liver were also measured. Immunostaining was used to detect the presence of the DHBV surface protein (DHBsAg) in hepatocyte and reticuloendothelial cells; the presence of inflammatory infiltrates in the liver was recorded.
RESULTS

Clearance of inoculum from serum
The amount of virus in the serum fell rapidly in ducks from both age groups. The number of ducks bled, concentrations of virus remaining in the serum and the percentage of the input virus removed at sequential time intervals during the first 24 h after inoculation are shown in Table 1 . In D28 ducks, more than 87 and 98 % of input virus had been removed from the circulation at 15 and 30 min postinoculation (p.i.), respectively, and more than 99 % had been removed 1 h p.i. The rate of decline was slightly slower, but not significantly different (P.0.2) in D1 ducks, where 86, 92 and 93 % of virus had been removed from the circulation at 15, 30 and 60 min p.i. In both age groups, less than 1 % of the input virus remained in the circulation 3 h p.i.
Fate of input virus
The amount of virus in the serum and various organs was measured by quantitative PCR and related to the input virus. In the D28 ducks, the input virus was rapidly removed from the circulation and deposited in the liver during the first 30 min p.i., with 81.7 and 96.7 % of the input virus found in the liver at 15 and 30 min p.i., and residual amounts remaining in the serum. A small amount of input virus was found in the spleen, rising to a peak of 0.8 % at 30 min and declining thereafter. By 1 h p.i. almost half of the input virus was not recovered in the serum or any of the organs tested. This declined to 10 % at 3 h and by 24 h, less than 2 % of the inoculum was recovered (Table 2) . During this time, most of the virus that was recovered was found in the liver with small amounts in the serum and spleen. Low levels of virus, representing less than 0.001 % of the viral input, were detected in the lung and kidney during the first 24 h p.i. (Table 2 ).
In comparison, the maximum amount of input virus recovered in D1 ducklings was only 22 % (Table 2) . Although the input virus disappeared from the serum at a similar rate to the D28 ducks, it was not immediately detected in the liver or other organs. Similar to the older ducks, any input virus that was recovered was found principally in the liver and serum at 15 min. Thereafter, the 
Histological localization of DHBV inoculation
By using quantitative PCR, we found that the majority of the virus removed from the serum was taken up by the liver. Histological staining of liver sections showed that during the first hour, DHBV was localized in the nonparenchymal cells. The non-parenchymal cells that were principally involved in DHBV uptake were hepatic artery endothelial cells in the D1 ducks and liver-specific macrophages, Kupffer cells, in the D28 ducks.
In D1 ducks, staining of Kupffer cells gradually increased until they were intensely stained at 60 min; thereafter, Kupffer cells remained moderately stained for the remainder of the experimental period. Some slight staining of endothelial cells occurred from 30 min in all ducklings, endothelial cells were intensely stained in the majority of hepatic arteries from 60 min p.i. (Fig. 1) .
In contrast, the Kupffer cells of D28 ducks were intensely stained by 30 min and thereafter were moderately stained, while only 20 % of the hepatic artery endothelium was Fig. 1 . Viral uptake in D1 and D28 liver reticuloendothelial cells, portal exudates and hepatocytes. At 30 min p.i., the virus in D1 duck 6EB is localized in Kupffer cells and the bile duct epithelium (arrow) (a) while the Kupffer cells of D28 duck W187 were more intensely stained (b). At 3 h p.i., baby ducks showed intense endothelial cell staining (c, arrow and insets) and D28 ducks displayed an increase in portal exudates (d, top inset CD3 stain, bottom inset DHBsAg stain), in which all cells took up the virus. Bars (on insets), 50 mm. By 24 h p.i., individual hepatocyte staining was observed in baby ducks (e, arrows). D28 ducks began uptake of the virus via hepatocytes (black arrow) at a later time point, day 5 (f), while in D1 ducks at day 5, all hepatocytes had taken up the virus (g). Some cell-to-cell spread of the virus was observed in D28 birds at day 5 p.i. (f, red arrow) and some hepatocytes were apoptotic in the portal area (h, arrows; H&E stain). All images were taken at ¾60 magnification.
slightly stained at 30 and 60 min p.i. No staining was evident in endothelial cells from 3 h p.i. in D28 ducks (Table 3) .
DHBsAg was undetectable in the hepatocytes throughout the first 3 h p.i., but at 24 h in D1 ducks, about 0.02 % of hepatocytes were brightly positive with few pale staining hepatocytes nearby ( Fig. 1e ) and all hepatocytes were stained very intensely at 5 days p.i. (Fig 1g) . In D28 ducks, no hepatocyte staining was observed until 5 days p.i., when 0.03 % of cells were positive (Fig. 1f) .
Virus was readily detected in the spleen of adult ducks within 5 min of inoculation (the earliest time point evaluated) ( Fig. 2a) . Virus was primarily localized in endothelial cells and the marginal zone of the splenic white pulp which consists of macrophages, dendritic cells and B1 cells in the peri-ellipsoidal cuffs (Fig. 2) . DHBsAg was also localized in the red pulp and peri-arteriolar lymphoid tissue when there were high levels present in endothelial cells and the marginal zone ( Fig. 2d ). Surface-antigen-positive lymphocytes were detected in the germinal centres of the spleen by 10 min p.i. (Fig. 2b) . Spleens of D1 ducks were very small (,0.1 g) and were tested only for viral DNA content.
Virus was detected in the epithelium of the proximal tubules of the kidney (Fig. 3b ) and in lymphoid aggregates of the lung (Fig. 3a, i ) from 10 min p.i..
Portal exudates
In D1 ducklings, only a slight inflammatory response was observed in the first 30 min p.i. but from 1-3 h, mild Table 3 . Histological analysis of liver
The levels of portal exudates were graded according to the levels described by Marion et al. (1984) . Kupffer cells were graded on the basis of none (2), slight (2/+), moderate (+) and intense (++) DHBsAg staining. PT exudates were graded on the basis of none (2) Early host innate immune response to DHBV infection accumulation of inflammatory cells was noticed in the portal tracts (PTs), which decreased at 24 h and remained slight thereafter (Table 3 , Figs 1 and 4) . In contrast, a mild inflammatory exudate was evident in D28 ducks in many PTs by 15 min p.i., which increased to moderate inflammation and involved all the PTs by 3 h p.i. By 24 h, the PT exudation had decreased to slight, with fewer PTs being involved, which then declined over the rest of the observation period (Fig. 4) .
Staining of the liver with anti-CD3 as a marker for T cells showed that the PT exudates were predominantly made up of T cells. Lymphocytes in these infiltrates also stained positive for DHBsAg. Ducks with DHBsAg-positive exudates tended to have high numbers of relatively large interstitial T cells in the liver.
Uninfected control ducks showed no evidence of liver inflammatory infiltrate or DHBsAg staining in any of the organs.
Onset of virus replication
The detection of ccc DHBV DNA was used as a marker of active virus replication in the liver. No ccc DHBV DNA was detected at 1 h p.i. in either age group; it was detected in two of three D1 ducks at 3 h p.i. and then remained positive (Fig. 1 ). All D1 ducks were positive for cccDNA thereafter. This new virus growth was reflected as a modest (1896 input) increase in total body virus load over the baseline input level at 24 h (Table 2) . Most (99.3 %) of this virus was found in the liver and the serum titre remained low at this stage, at 2.2610 4 viral genome equivalents (vge) ml 21 (Table 2) . With continued viral growth, the amount of virus in the liver increased by approximately 4 logs (Fig. 4) and the serum titre rose to 7.98610 10 vge ml
21
(.1 million-fold increase) at 5 days p.i. (Table 1 and Fig.  4 ). In D28 ducks, ccc DHBV DNA was not evident in the liver at 24 h but was present at day 5 p.i.
(the next time point tested) (Fig. 4) . By this time, total body viral load had increased over 9000-fold over the baseline input level, with 98.4 % of this virus being in the liver. At day 5, all the ducks infected on the day of hatching were viraemic with a mean titre of 7.98610 10 vge ml
. However, two of the seven ducks infected on day 28 were not viraemic and the mean viral titre for the remaining five viraemic ducks was lower, at 3.79610 8 vge ml 21 (Table 2 ). All extra-hepatic organs (spleen, lung and kidney) remained negative for cccDNA, demonstrating a lack of viral replication in these organs.
IFN-a expression in the liver
The baseline level of IFN-a mRNA was 10-fold higher in D1 ducks than in D28 birds (200 vs 20 copies per 0.5 mg total RNA). After DHBV inoculation, IFN-a expression rose by 50-fold at 30 min in D28 ducks, while in D1 ducks, IFN-a expression rose by only 2.5-fold; this rise was delayed, with maximal expression occurring at 3 h. By 24 h, both groups had similar IFN-a levels, approximately those of the baseline in D28 birds. This declined still further at 5 days p.i. (Fig. 4) .
DISCUSSION
All inoculated ducks were intravenously infected with a high dose of DHBV but at 5days p.i., as expected, the D1 group showed virus replication in virtually all hepatocytes and a very rapid onset of high level viraemia, whereas ducks inoculated with the same dose adjusted for body weight at 28 days old showed only focal replication in the liver and much lower viraemia. This well-documented phenomenon (Fukuda et al., 1987) has variously been attributed to: (i) more rapid hepatocyte division in D1 ducks favouring DHBV replication (Qiao et al., 1992) ; (ii) the rapid generation of neutralizing antibody in birds inoculated at several weeks of age but not in newly hatched ducks which prevents secondary cycles of infection, resulting in a limited infection in the liver and contributing to the eventual transient outcome of the infection (Zhang & Summers, 2004) ; and (iii) a more developed innate immune system.
There is some experimental support for each of these proposals. Histological studies of the liver at intervals after infection have consistently shown that replication begins in isolated hepatocytes with no clear anatomical location in the liver (Freiman et al., 1988; Jilbert et al., 1996) , and a similar phenomenon has been observed in hepatocyte cultures in vitro (Pugh & Summers, 1989) . However, opposing evidence in DHBV in cell culture studies suggests that replication is limited to fully differentiated hepatocytes (Galle et al., 1989; Uchida et al., 1988) .
While the ability of anti-DHBsAg to neutralize infection has been amply demonstrated (Kuroki et al., 1995; Vickery et al., 1989) , several days are needed for antibody to develop in DHBV naive ducks (Vickery et al., 1989) , even after large virus doses are given (Zhang & Summers, 2004) , and this interval provides sufficient time for virus replication to be widespread in the liver of D1 ducks. Zhang et al. (2005) recently proposed that the hepatocytes of older ducks produce cccDNA less efficiently than those of D1 ducks and that this difference in the rate of virus growth may be a second important reason for the biologically striking difference in the outcome of infection in the two age groups.
A different perspective has been presented by Walter et al. (1991) who pointed out the presence of large amounts of DHBV in non-hepatocyte cells of the liver soon after inoculation. Pugh & Summers (1989) had already shown that the entry of DHBV into permissive hepatocytes was slow, in the order of 16 h, and these two observations have been brought together in a proposal that presentation of DHBV to hepatocytes occurs via endothelial cells, and sitespecific release remained uncertain (Breiner et al., 2001) . For this to be a significant factor in age-related susceptibility to DHBV, an age-specific difference in the liver sieve would be required. Several studies have looked at the relationship between age and 'pseudocapillarization' of the liver sinusoidal epithelium Le Couteur et al., 2001; McLean et al., 2003; Warren et al., 2005) . Pseudocapillarization features an increased expression of von Willebrand factor in the sinusoidal epithelium, which is associated with endothelial thickening, defenestration, increased collagen deposition and basement membrane formation. In old age, the liver sieve has been shown to have a 40-80 % increase in endothelial thickness and a 60-80 % reduction in porosity and fenestrations. Alongside related immunological differences, these findings may help explain the later physical uptake of DHBV observed in hepatocytes of older ducks. Zhang et al. (2005) have detected cccDNA at day 1 of infection in three D1 ducks. The present study found cccDNA at 3 h p.i. in the liver of D1 ducks, but there was no hepatocyte staining and the virus output had not yet increased from the baseline. It is possible that the histological assay was too insensitive to pick up on positive hepatocytes; however, hepatocyte staining was observed in D28 ducks at day 5 with similar levels to DHBV DNA. This is at odds with the delay in viral uptake by primary duck hepatocytes (Pugh & Summers, 1989) . However, the artificial in vitro environment may delay viral uptake when compared with the in vivo situation. Other workers have found loss of virus input at 3 h and detectable viraemia at 24 h in D1 ducks (Vickery, 1994) . Fig. 3 . Localization of DHBsAg in lung and kidney of D28 ducks. DHBsAg stain of lung (a) and kidney (b) taken from duck W1 at 10 min p.i. In (a), the arrow points to a lymphoid aggregate which is shown at higher magnification in the insets: (i) DHBsAg stain of lymphoid aggregate; (ii) consecutive CD3 stain of lymphoid aggregate. In (b), arrows point to DHBsAg-positive proximal tubule epithelium. Bars, 50 mm; the background image in (a) is taken at ¾10 magnification.
Early host innate immune response to DHBV infection
There is also disagreement about the amount of inflammation in the infected liver. Some studies describe the presence of histological inflammation (Freiman et al., 1990; Jilbert et al., 1992) whereas others report its absence (Walter et al., 1991) .
Both experimentally and clinically, HBV replication has been shown to be very sensitive to lymphokines, especially IFNs, and the rapid resolution of DHBV without obvious hepatocyte damage is suggestive of lymphokine involvement (Jilbert et al., 1992) . Mammalian IFN-c has been shown to inhibit DHBV replication in human hepatoma cell line (Huh-7) cell culture by decreasing viral transcription (Lavine & Ganem, 1993) . Recombinant duck IFN-c (Schultz & Chisari, 1999) and IFN-a also inhibit DHBV in vitro (Schultz et al., 1995) by the expected intracellular pathways (Heuss et al., 1998) .
Well-documented virus-host studies of persistent infections of mice with lymphocytic choriomeningitis virus (LCMV) have shown that early infection of mice (up to 3 days after birth) has led to a so-called split tolerance, where the mice are tolerant in terms of CD8 + T cells but not in terms of B cells (Lehmann-Grube et al., 1983) . Although the immunological situation in birds could be different, this could explain the need for a 1000-fold concentration of antigen before it can be accepted as a tolerogen in D28 ducks.
It was hypothesized that all three of these mechanisms for the age-specific difference in outcome of DHBV infection (different access to hepatocytes, different replicative capacity and different innate immune responses) might act in concert to determine the ultimate outcome of infection very soon after inoculation. Therefore, the differences in the fate of IV-injected virus in the tissues, the start of virus replication and the initiation of the innate immune response during the first 24 h p.i. were analysed.
In both age groups, injected virus was rapidly removed from the circulation and over 90 % of the virus recovered in the body was localized in the liver at most time points. The rate of DHBV removal from the circulation was comparable with that reported for inert particles (Dobson & Jones, 1952; Srivastava et al., 2004; Zilversmit et al., 1952) and for other viruses of this small size (Mims, 1959) . For instance, 90 % of injected radiolabelled vesicular stomatitis and Newcastle disease viruses are removed from the circulation 20 min after IV injection in mice, which are non-permissive for these infections (Brunner et al., 1960) .
Baby ducks showed a slower, but not significant, depletion of the pool of circulating virus, but a more rapid and intense onset of replication than adult ducks. The first major point of difference between the two age groups was that the D28 ducks showed much more intense staining of the Kupffer and endothelial cells at 30 min p.i., followed by a decline in subsequent time points. However, in D1 ducks, the intensity of Kupffer cell staining increased gradually over the first 60 min and there was more (in quantity and intensity) endothelial cell staining compared with the older ducks between 1 and 24 h p.i. This would be consistent with more efficient active presentation of virus to the hepatocytes via endothelial cells (Breiner et al., 2001) . . A summary of liver histological analysis is shown below graphs. Hepatocytes were graded for presence (++++, all hepatocytes stained positive; +IH, individual hepatocytes stained DHBsAg positive) or absence (") of the virus using immunohistochemistry. The levels of portal exudates were graded as described in Methods: normal ("), slight (+), mild (++) and moderate (+++). Kupffer cells were graded on the basis of none ("), slight ("/+), moderate (+) and intense (++) DHBsAg staining.
DHBsAg-positive liver endothelial cells were seen early after infection in liver sinusoids (Fig. 1a) . However, due to a lack of available duck immunological markers, it is not clear if these endothelial cells were of a different phenotype to those found to be positive at later time points.
The reduced recovery of input virus and the decline of virus localized in Kupffer cells and other cells of the reticuloendothelial system from the liver in D28 ducks may suggest that the virus is destroyed in Kupffer cells and/or during transfer of virus to spleen. In the spleen, similar to what has been reported in chicken spleen (Jeurissen et al., 1992) , the initial localization of the virus to dendritic cells and/or macrophages located on the margin of the white pulp [marginal zone or peri-ellipsoid lymphoid tissue (PELT)] closely surrounding vascular structures called ellipsoids took place as early as 15 min. Localization of virus in germinal centres is also comparable with chicken studies that have reported that these antigen-laden cells at the PELT migrate through the white pulp and become incorporated in germinal centres (Jeurissen et al., 1992; White, 1969) .
DHBsAg-positive lymphocytes in the liver, spleen and lymphoid aggregates of the lung were observed using light microscopy; however, it is not possible to determine whether this is indicative of infection or endocytosis/phagocytosis.
The level of viraemia in D1 ducks (7.98610 10 vge ml
21
) at 5 days p.i. is 2 logs higher than that in D28 ducks (3.79610 8 vge ml
) at the same time point, suggesting that viral replication is quicker in D1 ducks than in adults (Table 1) . This would be consistent with more efficient replication providing higher yields in the D1 group (Zhang et al., 2005) . However, when the proportion of DHBsAg-positive hepatocytes is compared (0.02 % at 24 h and 0.03 % at day 5 p.i., in D1 and D28 ducks, respectively), the level of DHBV replication is similar, i.e. 4.5610 5 vge ml 21 in D1 ducks, with 0.02 % infected hepatocytes, and 3.79610 8 vge ml 21 in D28 ducks, with 0.03 % infected hepatocytes. This suggests that D1 and D28 hepatocytes are equally efficient at replicating DHBV at least at this early time point. This may be explained by Zhang et al. (2005) who found that baby ducks at 1 day p.i. made six times the amount of cccDNA per infected cell than 3-week-old ducks; however, the 3-week-old ducks made more replicative intermediates per cccDNA than the babies, with the result that by day 8, both babies and 3-week-olds had the same amount of replicative intermediates per infected hepatocyte.
Unexpectedly, normal endogenous IFN-a mRNA in the liver of D1 ducks was 10-fold higher than that found in D28 ducks. However, after inoculation, D1 ducks took longer (3 h, 500 copies) and were less efficient than the older group (30 min, 1000 copies) at producing IFN-a. In the older ducks, this IFN-a inhibits virus replication and also initiates an inflammatory response. The lack of lymphocytic infiltration of the liver in D1 ducks supports the suggestion that the innate immune network is less effective in D1 ducks (Zhang et al., 2007) . There is evidence in the literature which supports that resistance to the biological effects of IFN in newborns and the negative control of IFN on neonatal inflammation potentially contributes to neonatal susceptibility in mice (Couderc et al., 2008; Zhang et al., 2007) . A similar mechanism may apply to neonatal ducks, thus preventing overwhelming inflammation associated with migration from a sterile environment -inside the egg -to a non-sterile one.
In summary, this study proposes that a collection of factors interacting during the first few hours after infection contribute to the different outcomes of DHBV infection in D1 and D28 ducks. Firstly, the mature innate immune system is more able to exclude injected virus from the liver, perhaps by rapidly destroying it in Kupffer cells before it reaches the target hepatocytes, while in D1 ducks, more virus reaches the endothelial cells which efficiently present DHBV to the hepatocytes.
Secondly, following hepatocyte infection, about 15 % of newly synthesized virus is exported via lateral hepatocyte surfaces (Anderson et al., 1997) infecting neighbouring hepatocytes directly, and the entire liver becomes affected well before mobilization of acquired immunity can be achieved. In the mature birds, hepatitic IFN-a production is rapidly induced by the first round of virus replication and acts quickly to inhibit it. This delays the expansion of the reservoir of DHBV in the liver. In D1 birds on the other hand, IFN-a production is slower and less intense and the hepatocytes may also be less responsive to its action.
Thirdly, IFN-a recruits the inflammatory response observed in the PTs of mature birds, and directly or indirectly causes apoptosis which eliminates infected hepatocytes. Lastly, the production of neutralizing antibody in mature birds protects against further infection of hepatocytes.
These findings are based on a small-scale experiment and will require confirmation by a larger study, but the excellent correlation between the histological evidence of inflammation and the molecular detection of IFN-a expression gives confidence in their validity.
Taken together, these results suggest that failure of the coordinated innate immune response, rather than a defect in induced antiviral cell-mediated immunity, may be the key factor which makes baby ducks vulnerable to persistence of hepadnavirus infection.
METHODS
Animals and experimental design. Male and female PekinAylesbury cross ducklings were obtained from a DHBV-negative flock; the University of Sydney Animal Ethics Committee approved all experiment work.
Ducks aged 1 day (D1) or 28 days (D28) were IV-inoculated with a dose of 8.9610 9 vge (kg body weight)
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. This high dose of virus is approximately 10 7 6 the ID 50 of D1 ducks and 10 4 6 that of D28 ducks (Vickery & Cossart, 1996) . The serum accounts for about 6 % of the total body weight in ducks (Portman et al., 1952) . The large dose was chosen to permit tracing of early events.
Blood was obtained from multiple birds at 15, 30 and 60 min and 3 and 24 h, and 5 days after IV inoculation but ethical restrictions on the volume obtained and the number of bleeds precluded serial sampling of D1 birds at each time point (for numbers see Table 1 ). Tissues were collected and weighed at autopsy from three D1 and one D28 ducks killed at each time point. The concentration of virus in liver, spleen, lung and kidney was measured by quantitative PCR at each time interval; the percentage of input virus recovered (percentage input5vge in compartment/virus input 6 100) and the percentage recovered relative to other sampled compartments (compartment percentage5vge in compartment/sum of vge in all compartments 6 100) were calculated. To calculate the percentage of cleared virus input, this is given in vge units. See Table 4 for a list of duck ID numbers in relation to the protocol.
Assessment of DHBV status. DNA was extracted from samples using a MasterPure Complete DNA kit (EPICENTRE Biotechnologies) or, where obtaining pure DNA was troublesome, tissues were extracted using a modified phenol/chloroform extraction as described previously (Vickery & Cossart, 1996) .
Quantitative PCR was used to detect total DHBV DNA using primers (Allison Jilbert, personal communication) targeting the PreS region, using an ABI Prism 7700 machine. The reaction contained 12.5 ml Platinum Quantitative PCR SuperMix-UDG with ROX as a reference dye (Invitrogen), 50 nM sense primer (59-CAGATCTCCCTCGC-CTAGGA), 300 nM antisense primer (59-ATTGCCTCATGC-TGCATCAC) and 200 ng extracted DNA as template, in a total volume of 20 ml. Viral replication was assessed by detecting the presence of cccDNA template using conventional end-point PCR (Le Mire et al., 2005) and known standards. The forward primer 59-CCTGATTGGACGG-CTCTTAC and reverse primer 59-CCCGATCCAATGATTCCTCAT span the cohesive overlap region that is only efficiently amplified using cccDNA as a template.
IFN-a mRNA levels were measured using semiquantitative conventional end-point PCR and IFN-a standards of known amounts. Total RNA was extracted and purified from liver samples using a MasterPure Complete DNA and RNA Purification kit (EPICENTRE Biotechnologies) according to the manufacturer's instructions. Firststrand cDNA was synthesized from 1 mg total RNA using the Superscript II reverse transcriptase kit (Invitrogen) and primed with hexamer random primer (Promega). Half (10 ml) of the RT reactions were used as a template for PCR using a set of primers published by MacDonald et al. (2008) (forward 59-GACAGCGCCTTCGCC-TGGGACAG and reverse 59-GTGGCGTGCGGTGTGGAGCCAGT) and cycling conditions (5 min at 96 uC, followed by 25 cycles of 96 uC for 1 min, 60 uC for 30 s and 72 uC for 30 s). The sensitivity of all PCRs was 10 vge per reaction.
Histology and immunohistochemistry of hepatic and extrahepatic sections. Upon euthanasia, a 1 6 0.5 cm piece of liver, a subcapsular section of the spleen, and a portion of the lung and kidney from each adult duck and livers only from baby ducks were removed and fixed in 10 % neutral buffered formalin for 24-36 h prior to processing. These were stained using the standard haematoxylin and eosin method.
In the liver, PTs were identified by locating a portal triad of an arteriole, portal venule and bile ductile. PT exudates of the liver were graded in accordance with the method described previously (Marion et al., 1984) . The grades used were: normal (2), no inflammatory cells or occasional foci of inflammatory cells in PTs or parenchyma; slight portal exudate (+); mild portal exudate (++), conspicuous accumulation of inflammatory cells in portal tracts; moderate portal exudate (+++), conspicuous accumulation of inflammatory cells in portal tracts with inflammatory cell extension into the parenchyma along septae; and severe (++++), inflammation with regenerative nodules and extensive septae formation.
Sections were subjected to immunohistochemical detection of duck T cells (monoclonal mouse anti-human CD3, Clone F7.2.38, DakoCytomation) and DHBsAg (monoclonal mouse anti-DHBsAg, 1H.1; Pugh et al., 1995) . The specificity and sensitivity of the immunohistochemical labelling reaction were optimized as previously described (Vickery et al., 2006) . DHBsAg staining was graded negative (2), slight (2/+), moderate (+) or intense (++).
Briefly, deparaffinized sections were rehydrated through graded ethanol and washed prior to microwave-mediated antigen retrieval. Sections were blocked with 0.5 % H 2 O 2 in absolute methanol for endogenous peroxidases and in 10 % normal horse serum for 20 min, followed by the primary antibody incubation [either mouse 1H.1 (diluted 1 : 10 000) for detection of DHBsAg or a 1 : 100 dilution of mouse clone F7.2.38 for detection of T cells] for 1 h at room temperature. Following washing, sections were incubated with a horseradish peroxidase-labelled polymer for 30 min (EnVision, DakoCytomation) and visualized with DAB chromogen substrate (DakoCytomation) according to the manufacturer's instructions. Sections were counterstained with Harris haematoxylin.
Statistical analysis. A Mann-Whitney rank sum test was used to test for significant differences in the percentage removal of input virus from the serum between groups. A value of P,0.05 was considered to be statistically significant. *These ducks were used as negative controls in this investigation.
